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Local oscillations of the brane world are manifested as massive vector ﬁelds. Their coupling to the
Standard Model can be obtained using the method of nonlinear realizations of the spontaneously broken
higher-dimensional space–time symmetries, and to an extent, are model independent. Phenomenological
limits on these vector ﬁeld parameters are obtained using LEP collider data and dark matter constraints.
© 2008 Elsevier B.V. Open access under CC BY license.The quanta associated with the vibrations of a ﬂexible brane
world can signal the existence of extra space dimensions. One
type of excitation common to many such brane world models is
a massive vector [1–3]. In the ﬂexible brane limit where the brane
tension is much smaller than the higher-dimensional Planck scale,
the non-zero Kaluza–Klein modes of higher-dimensional gravity
decouple from the Standard Model particles [2] and thus we can
focus attention on the coupling of the zero mode brane vectors to
the Standard Model. These zero mode brane vectors gain a mass
smaller than that of the Kaluza–Klein scale. These massive vec-
tors can be produced in colliders and as such their properties
can be constrained. Moreover, if they are stable, they are dark
matter candidates and consequently subject to the limits set by
the various corresponding searches. In this Letter, we examine
the phenomenological restrictions on these properties in a model-
independent manner.
The brane world spontaneously breaks the higher-dimensional
space–time symmetries down to those of the world volume and its
covolume. The method of nonlinear realizations of spontaneously
broken symmetries has been used to construct the Nambu–Goto
action for the consequent Nambu–Goldstone bosons of this spon-
taneous space–time symmetry breakdown [4,5]. These scalar ﬁelds
describe the oscillations of the brane into the covolume [6,7].
When the back reaction of the geometry is included with the
gravitational ﬁelds being dynamic, the gravitational Higgs mech-
anism occurs with the brane oscillation Nambu–Goldstone boson
[6] (which is the branon [7] in the massless limit) scalar ﬁelds
being eaten by the dynamic zero mode higher-dimensional vec-
tor ﬁelds. This results in brane oscillation world volume massive
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Open access under CC BY license.vector (Proca) ﬁelds appearing in the brane world, denoted Xiμ ,
with i = 1,2, . . . ,N , where N is the dimension of the covolume,
and the Greek indices are those of the world volume, μ = 0,1,2,3
[1–3]. The brane world action thus includes the Standard Model
ﬁelds, the graviton and these massive brane vector ﬁelds. It has
been shown in Ref. [3] utilizing a Kaluza–Klein decomposition of
the bulk gravitational ﬁelds that the gravi-vector ﬁelds become
massive through the gravitational Higgs mechanism. In addition,
the brane vector mass is enhanced or suppressed by the model-
dependent vacuum expectation value of the radion (dilaton) ﬁeld,
M2X = 2e
2N
N+2 〈σ 〉κ2F 4X , where κ is the world volume gravitational
constant. The brane vector mass can range from small to large
values conditional on the model dependent form of the bulk grav-
itational ﬁeld.
The coset method has been extended to include the treatment
of spontaneously broken local space–time symmetries [3]. This has
given the higher-dimensional invariant coupling of the massive
brane vector ﬁelds to themselves, the graviton, and the Standard
Model ﬁelds. It is the latter which we consider in this Letter (for
a discussion of brane vector collider phenomenology, including
hadronic colliders, see Ref. [8]). Expanding the action in terms of
the number of brane vectors, a D = (4+ N)-dimensional invariant
world volume effective action is given by
Leffective =LSM − 14 F
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Here F 4X is the brane tension, MX is the vector mass and K1, K2
are dimensionless parameters of the effective Lagrangian. The cou-
pling to T SMμν , the Standard Model energy–momentum tensor, has
been chosen for simplicity. Any Standard Model invariant mono-
mial can couple to the brane vector bilinear and the result is bulk
384 T.E. Clark et al. / Physics Letters B 671 (2009) 383–385Fig. 1. LEP excluded regions of brane vector parameter space MX–F X . The left plot is the case where the brane vectors couple to the Standard Model energy–momentum
tensor with no extrinsic curvature coupling K1 = 0 = K2. The right plot is when the extrinsic curvature coupling is dominant and the coupling to the energy–momentum
tensor is neglected. In this case the coupling is just to the weak hypercharge ﬁeld strength tensor with strength K1 = K2 = 1.Poincaré invariant. Each such term has its own coupling constant.
These have been chosen to be related to the energy–momentum
tensor with the single overall coupling constant given by M2X/F
4
X .
The action is what one obtains in the minimal case of gaug-
ing the globally invariant lowest order coupling of the Nambu–
Goldstone bosons [6] and branons [7] to the Standard Model ﬁelds
in which case only the Standard Model energy–momentum tensor,
T SMμν , coupling term is present. From the general effective action
point of view, however, the extrinsic curvature [9] allows addi-
tional new interactions with the Standard Model ﬁelds. Since the
coupling must be SU(3)×SU(2)×U (1) invariant, so must the Stan-
dard Model operators. The lowest dimension such terms are the
hypercharge ﬁeld strength tensor, Bμν , and its dual, B˜μν . A cou-
pling to the invariant Higgs bilinear H†H is also possible and leads
to possible new invisible Higgs decay modes which will be dis-
cussed elsewhere [10].
Note that the above effective Lagrangian exhibits an unbroken
global SO(N) symmetry which reﬂects the isometry of the codi-
mensional space when the 4-dimensional brane is embedded in
the larger-dimensional space–time. On the other hand, all Standard
Model particles are SO(N) singlets. Consequently, SO(N) invariant
interactions of these vector Proca ﬁelds require them to appear in
pairs and they are thus massive, stable physical degrees of free-
dom. For a single codimension, N = 1, as well the vector is stable
provided there is an unbroken Z2 parity with respect to the extra
dimension under which the brane vector is odd. Being stable, the
vectors are also candidates for the dark matter of the universe and
are thus subject to the appropriate constraints.
Data from the lepton colliders LEP-I [11] and LEP-II [12,13] can
be employed to give excluded and allowed regions for the MX–
F X (as well as codimension N) parameter space. In particular, the
annihilation of a fermion and anti-fermion to produce a single
photon and two brane vectors which escape the detector as miss-
ing energy is used to delineate the regions of this parameter space.
In addition, the limit on the allowed width of invisible Z -decays,
ΓZ→X X  2 MeV, provides additional constraints on the parameter
space and in particular the extrinsic curvature coupling constants.
Data from LEP-II for e+e− → γ + X X → γ +/E is in agreement with
the expected results from the Standard Model. This lack of discov-
ery places a bound on the contribution of the brane vectors to the
missing energy cross-section. The number of brane vector missing
energy events must be less than 5 sigma of the Standard Model
background σγ X XLLEP-II  5
√
NSMbkgrnd. Using the integrated lu-
minosity for LEP-II, L= 138.8 pb−1, at an average center of mass
energy of
√
s = 206 GeV, a bound on the brane vector parameters
is obtained as σγ X X  0.45 pb. In order to distinguish the con-
straints that the various interaction terms place on the brane ten-sion and brane vector mass the plot on the left of Fig. 1 includes
only the interaction with the Standard Model energy–momentum
tensor with the extrinsic curvature derivatively coupled brane vec-
tor terms set to zero, K1 = K2 = 0. The plots are quite insensitive
to the value of N for codimension N = 1 as the line of exclusion
varies according to N1/8. As such they are presented for N = 1. The
corresponding delineation of parameter space in the global sym-
metry case containing only the branon scalar (longitudinal vector)
contribution is shown as the red colored excluded area [6,7] with
the orange and red region excluded in the case of the brane vector.
The lines exclusion approach each for low values of the mass MX
in accord with the equivalence theorem. On the other hand, in the
plot on the right-hand side of Fig. 1 the energy–momentum ten-
sor interaction terms are ignored in comparison to the interactions
that are due to the extrinsic curvature with K1 = K2 = 1. In addi-
tion the constraints on parameter space due to the LEP-I limits on
the invisible Z -decay into two brane vectors are depicted in Fig. 1.
Note that there is no interference between the energy–momentum
tensor coupling and the extrinsic curvature interaction.
Since for the isotropic codimension or the odd Z2 parity case,
the brane vectors are stable particles, they are candidates for dark
matter. In order to determine the viability of their candidacy the
minimal case of no extrinsic curvature coupling, K1 = K2 = 0, is
considered. The dark matter constraints on the remaining MX–F X
parameter space are obtained using the dark mater density result
as reported by the WMAP Collaboration [14] from their ﬁt of the
cosmological parameters to the cosmic microwave anisotropy data.
The relic abundance of the brane vector as a function of its mass
MX and the scale F X is calculated according to standard meth-
ods. It is assumed that at some point during the evolution of the
Universe the population of brane vectors is in thermal equilib-
rium with the population of Standard Model particles. The density
of brane vectors as a function of time then follows from simple
thermodynamics as long as they remain in thermal equilibrium.
However, at some point in time the expansion rate of the Universe
exceeds the annihilation rate of the brane vectors. The brane vec-
tor then falls out of thermal equilibrium, and from that moment
on its density only changes due to the expansion of the Universe
while annihilation effectively ceases. Typically, this freeze out oc-
curs at temperatures that are about 1/20 times the mass MX .
The brane vectors are therefore non-relativistic at freeze out, and
consequently contribute to the cold dark matter density. In the nu-
merical calculations, the freeze out temperature is determined by
taking into account the non-relativistic annihilation cross-sections
of pairs of brane vectors into all relevant pairs of Standard Model
particles, and the corresponding relic brane vector abundance is
obtained for each point in parameter space.
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of brane vectors due to the WMAP dark matter abundance result.
Fig. 2 shows the dark matter constraints on the MX–F X param-
eter space in the case of a single ﬂavor of brane vectors. Above the
red curve, the brane vector annihilation cross-section is so small
that the brane vector freezes out too early in the evolution of
the Universe and as a consequence its relic density exceeds the
WMAP result. Below said curve, the brane vector relic density is
below the WMAP dark matter density result, while on the red
curve the brane vector relic abundance matches the WMAP dark
matter density result. Note that the area under the curve can still
be consistent with the WMAP data, but there must exist additional
types of dark matter particles beyond the brane vector that are not
included in the effective theory in order to make up for the deﬁcit
of the brane vector relic abundance as compared to the WMAP
dark matter density result. On the other hand, the direct detec-
tion experiments CDMS II [15] and XENON-10 [16] do not further
constrain the allowed F X–MX parameter space. This follows since
the elastic scattering cross-section of brane vectors with fermions
is suppressed by either two or four powers of v/c  0.001 in the
non-relativistic limit.
All of the above discussion assumed that all codimensions were
isotropic. For any anisotropic codimension and no Z2 brane vec-
tor parity, there can be couplings to the Standard Model linear
in Xμ . Thus, in this case, the X vector acts like a Z ′ boson and
is subject to its various experimental limits[11]. In the case of a
good Z2 parity but an SO(N) in the Higgs phase the brane vectors
are still stable. However the masses may be non-universal while
the brane tension may exhibit some anisotropy. This along with
the possible coupling of the brane vectors to any Standard Model
invariant monomial, not just the energy–momentum tensor, will
lead to additional deviations from the characteristic phenomenol-
ogy presented above reﬂecting the details of the short distance
brane world dynamics.
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